The skin is a touch-sensing organ that grows and thickens from birth to adulthood. The touch-sensing cells of the nervous system interact with skin cells and must remodel to accommodate skin growth. In adult animals, the skin also develops specialized structures, like scales in fish and hair in mammals. We studied how changes in the skin and touch-sensing nervous system are controlled, using fish as a model. We found that, in fish mutants with no scales, the outer skin fails to mature and the adult touch-sensing nervous system does not fully develop. As a result, fish without scales are likely less sensitive to touch. These results show that scales instruct cells in the skin and nervous system to transform into adult forms. Our findings in fish raise the possibility that other structures, like hair in mammals, play similar roles in maturing the skin of other animals.
Diagram of the cells required for touch sensation. Epidermal cells pack tightly together into layers that form the epidermis. The epidermis wraps the outside of an animal's body. Touch-sensing neurons have two axons: one that goes to the epidermis and another that goes to the brain. Touch is sensed by the branched endings of axons in the epidermis, which send a signal that travels down the axons to the brain.
THE SKIN AND NERVOUS SYSTEM CARRY OUT TOUCH SENSATION
Our sense of touch allows us to enjoy pleasurable textures, like a soft pillow, and avoid dangers, like sharp objects or hot substances. Two types of cells in our bodies function together to carry out touch sensation: ( ) the cells of the outer skin, called epidermal cells, and ( ) specific kinds of nervous system cells, called touch-sensing neurons
NEURONS
The major cells of the nervous system, also called nerve cells. Neurons communicate with each other to allow us to sense the environment, move, learn, and think. (Figure ) . Epidermal cells pack tightly together like tiles, to form thin sheets. Several layers of these sheets form a tissue called the epidermis, which covers the surface of our bodies. Touch-sensing of these axons extends to the brain, the other to the skin. In the skin, axon endings squeeze between epidermal cells and branch to form a structure resembling an antenna. This part of the axon also functions like an antenna: it is activated when the skin is touched. Activated axons send electrical impulses to the brain, making animals aware that they touched an object. As an animal grows, maintaining the interactions between epidermal cells and touch-sensing neurons is critical to the animal's ability to sense touch.
THE SKIN CHANGES FROM BIRTH TO ADULTHOOD
Animals can sense touch as soon as they are born, even though the skin of a newborn is very simple. The epidermis of a newborn consists of only one or two sheets of epidermal cells, and a small number of touch-sensing neurons send axons to the epidermis. As newborn animals mature into adults, the skin grows to cover the much larger animal, the epidermis thickens by adding more layers of cells, and new touch-sensing neurons are born. In addition to growth and thickening, during this time special structures-like hair in mammals, feathers in birds, or scales in fish-form within the skin. We refer to this maturation as a "metamorphosis," a process between birth and adulthood when multiple tissues change at once. For example, the transformation of tadpoles into frogs is a metamorphosis. People undergo a similar metamorphosis as teenagers: as we develop from children into adults, many of our tissues grow and change. Our study aimed to understand how epidermal cells and touch-sensing neurons change as the skin undergoes metamorphosis [ ].
FISH ARE AN EXCELLENT MODEL TO STUDY HOW THE SKIN CHANGES AS ANIMALS GROW
We chose to use zebrafish, a small tropical fish, for our experiments, since they are easy to study and grow to adulthood in just months. Zebrafish are a popular "model" animal for biological studies (along with mice, fruit flies, and worms), because zebrafish cells and tissues are similar to human cells and tissues, and scientists have developed many tools to study them. Similar to the way many mammals, such as mice, are born without hair, zebrafish are born without scales ( Figure  ) . Scales are bony discs that form just under the epidermis [ ]. Scales are arranged in a regular, overlapping pattern, like roof tiles, along a fish's body. The epidermis is draped over scales and covered by a protective slime. When fishermen remove a fish's hard scales to cook it, they are also removing the thin epidermis on top of scales. Scales begin forming when zebrafish are about month old. We think of fish at this age as "teenagers," since their tissues are undergoing a transition from childhood to adulthood.
To examine epidermal and touch-sensing cells in detail, we used transgenic zebrafish. Transgenic animals are engineered in a lab to have extra genes in their DNA. Our transgenic fish had genes added to their DNA that instruct epidermal cells or touch-sensing neurons to make a green fluorescent protein (GFP) from jellyfish. When a specific kind of light is shined on cells with GFP, those cells glow green under a microscope. Examining these transgenic animals under a high-powered microscope allows us to see the detailed structure of epidermal cells and neurons.
In zebrafish, major changes in the epidermis and touch-sensing neurons occur around the time that scales form. When fish are born, the epidermis consists of just two epidermal layers, but in adults, the epidermis contains many more layers (Figure ) . Newborn and kids.frontiersin.org May | Volume | Article | Figure   Figure The adult fish have di erent populations of touch-sensing neurons-the touch-sensing neurons in newborn fish eventually die and are replaced by a di erent set of adult touch-sensing neurons. Since these changes in the epidermis and touch-sensing neurons happen when scales are forming (when fish are "teenagers"), we hypothesized that scales help to cause changes in the epidermis and sensory neurons, as animals grow to adulthood.
EXPERIMENT : DO SCALES PROMOTE CHANGES IN THE SKIN?
To test our hypothesis, we examined the skin of mutant fish with no scales [ ]. These fish are mutants because they have a defect in a gene required to form scales. Without scales, fish would probably not survive in the wild, but in the controlled environment of our laboratory they survive into adulthood. We created fish that were both transgenic (they had genes for making GFP in epidermal cells or neurons) and mutant (they lacked genes needed for making scales). When we examined epidermal cells and neurons in these mutant fish, we discovered that they had several defects ( Figure ) . First, in adult mutant fish without scales, the epidermis was thinner than in normal adult fish. Second, the branched endings of touch-sensing neurons were missing from the epidermis of mutants. In newborn mutant fish, touch-sensing neurons were normal, and these neurons were replaced by adult neurons, even though scales never formed. However, these adult touch-sensing neurons failed to extend their antenna-like axon endings into the epidermis of the mutants. Without axons in the epidermis, these fish probably cannot sense touch normally. This experiment showed that our hypothesis was correct-scales are required for changes to occur in the epidermis and touch-sensing neurons of "teenage" fish. 
EXPERIMENT : DO SCALES SEND SHORT-OR LONG-RANGE SIGNALS TO THE EPIDERMIS AND NEURONS?
One explanation for our findings is that scales send signals to the epidermis and touch-sensing neurons, telling them to change into adult forms. These scale signals instruct epidermal cells to multiply and form more layers. They also instruct adult touch-sensing neurons to send axon endings into the epidermis. Without scales, these signals are missing, so the epidermis and touch-sensing neurons fail to change like they would in normal fish.
We wondered if scale signals act at long or short distances. If they act at a long distance, just a few scales might be able to promote changes to the epidermis and touch-sensing neurons across the entire animal. By contrast, if scale signals act at a short distance, they would only reach nearby epidermal cells and neurons, causing only those regions to have a thicker epidermis with touch-sensing axon endings.
To distinguish between these possibilities, we examined another set of fish mutants. These mutant fish lacked just a few scales, rather than all of their scales (Figure ) [ ]. In these fish, we compared regions of the body with scales to regions of the body without scales. In these mutants, the epidermis in areas with scales was thick, like in normal adults, and full of axon endings. However, in areas without scales, the epidermis was thin and lacked axon endings. We concluded that scales normally send a short-range signal to thicken the epidermis and attract axons, just to areas close to the scale. We do not know what this signal is, but a major goal of our future research is to identify substances on scales that transform the epidermis into its adult form.
nearby epidermal cells, telling them to grow and thicken the epidermis, and a signal to adult touch-sensing neurons, telling them to send axons into the epidermis. By promoting changes in both the epidermis and axons, scales ensure that these two metamorphic events happen together, allowing fish to develop adult skin that carries out normal touch sensation.
Do our results apply only to fish, or might they provide a clue to similar processes in mammals, including humans? Like in fish, as we develop from fetuses into adults, our skin thickens and axons of our touch-sensing neurons enter the epidermis. How these processes occur in humans is not understood. Humans obviously do not have scales, but most of our skin contains hair. Similarly, the skin of birds contains feathers. Hairs, feathers, and scales are very di erent structures, but early in their formation they share similarities, revealing that they are related to one another in evolution. Our results suggest that hairs and feathers may function like scales to promote skin maturation, and to help distribute the endings of touch-sensing neurons into the epidermis. We hope our study inspires other scientists to test if hairs or feathers promote such changes in mammals or birds, like scales do in fish. 
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